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Synergistic effect of carotenoid and silicone-based additives for 
photooxidatively stable organic solar cells with enhanced 
elasticity 
Michela Pretea, Elisa Oglianib, Mikkel Bregnhøjc, Jonas Sandby Lissaua, Subham Dastidard, Horst-
Günter Rubahna, Sebastian Engmanne,f, Anne Ladegaard Skovb, Michael A. Brookg, Peter R. Ogilbyc, 
Adam Printz*d, Vida Turkovic*a and Morten Madsen*a  

Photochemical and mechanical stability are critical in the production and application of organic solar cells. While these 
factors can individually be improved using different additives, there is no example of studies on the combined effects of 
such additive-assisted stabilization. In this study, the properties of PTB7:[70]PCBM organic solar cells are studied upon 
implementation of two additives: the carotenoid astaxanthin (AX) for photochemical stability and the silicone 
polydimethylsiloxane (PDMS) for improved mechanical properties. A newly designed additive, AXcPDMS, based on 
astaxanthin covalently bonded to PDMS was also examined. Lifetime tests, produced in ISOS-L-2 conditions, reveal an 
improvement in the accumulated power generation (APG) of 10 % with pure AX, of 90 % when AX is paired with PDMS, and 
of 140 % when AXcPDMS is added in the active layer blend, as compared to the control devices. Singlet oxygen 
phosphorescence measurements are utilized to study the ability of AX and AXcPDMS to quench singlet oxygen and its 
precursors in the films. The data are consistent with the strong stabilization effect of the carotenoids. While AX and AXcPDMS 
are both efficient photochemical stabilizers, the improvement in device stability observed in the presence of AXcPDMS is 
likely due to a  more favorable localization of the stabilizer within the blend. The mechanical properties of the active layers 
were investigated by tensile testing and cohesive fracture measurements, showing a joint improvement of the 
photooxidative stability and the mechanical properties, thus yielding organic solar cell devices that are promising for flexible 
photovoltaic applications.

Introduction 
The field of organic photovoltaics (OPV) is rapidly evolving, 
demonstrating a strong potential to contribute to the green 
energy transition towards a fully carbon-neutral economy and 
society (1,2). The recently achieved world record power 
conversion efficiency (3–5) (PCE) of 18.2 % for single junction (1) 
and 17.3 % for multijunction (2) OPV, along with low cost, light 
weight, flexibility, free form design, low environmental impact 
and short energy payback time, are just some indicators of the 
great potential of this technology. With the recent  efficiency 

boost (6,7), the research priority is now to find solutions to keep 
that initially high efficiency over the time of use and extend the 
otherwise relatively short lifetime of the devices (8–13). OPV 
devices must withstand harsh fabrication and operational 
conditions, making the topic of device stability an important 
focus of research efforts within the OPV field. When considering 
the stability of flexible organic solar cells, three main processes 
jointly affect device performance: morphological(14), 
photooxidative (15) and mechanical (16) degradation. Although 
the morphology of the active layer in the as-cast devices can be 
manipulated by various processing techniques to achieve high 
performance, the repulsive molecular interactions between the 
donor and acceptor molecules can over time lead to a 
spontaneous phase separation in the solid state (17–19). 
Progress with morphological stability has been achieved with 
certain types of non-fullerene acceptor molecules (9,20–23) 
which, due to their high glass transition temperatures (24,25), 
planarity and bulkiness, have a lower diffusion coefficient which 
also reduces the rate of crystallization and phase separation and 
thus provides a higher donor/acceptor blend stability than the 
fullerene acceptor molecules (26).  
Photochemical stability invariably involves adverse effects of 
molecular oxygen, particularly when the device is illuminated. 
One approach for stabilization is thus encapsulation with barrier 
and getter materials (27–32). However, many barriers, like 
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multi-layered oxides (e.g., Al2O3/SiO2) or thick glass slides, can 
be incompatible with maintaining device flexibility and can also 
increase the fabrication costs. Some active layer instabilities can 
also be mitigated using certain interlayers, which either act as 
barriers or simply provides more stable interfaces towards the 
active layer (33–37). For the active layer itself, development of 
new molecules with inherently higher photooxidative stability 
is of great importance. However, most studies still focus 
primarily on achieving high initial power conversion efficiencies, 
regardless of the long-term stability of the devices (8,38–41). 
We follow an alternative approach; additive-assisted 
stabilization. In this method, a third component is blended into 
the OPV active layer, which can add functionality, such as 
interfering with radical chain oxidation processes, quenching 
the reactive oxygen species, or acting as a barrier to UV 
irradiation (42–55).  
We have reported effective stabilization of OPV devices using 
several types of antioxidants: UV absorbers (45), hydroperoxide 
decomposers (42), hydrogen donors (43), and quenchers of 
singlet oxygen and its photosensitizing precursors (44,47). 
Similar approaches have also been reported in the literature 
(48–53,55). Recently, we reported an increase in device stability 
using the naturally occurring carotenoid β-carotene (44,47), 
where the stabilization effect arises from quenching of singlet 
oxygen and its sensitizer (in this case [70]PCBM triplet states), 
all together underlining the strong potency of naturally 
occurring antioxidants on improving the photochemical stability 
of high-performing OPV devices.  
The mechanical properties of the active layer and OPV devices 
made thereof arise from the constituent donor and acceptor 
molecules and the morphology they adopt in blends (56–63). 
The molecular structure, such as the length of the alkyl 
solubilizing groups of donor molecules (56,58) or slight 
modifications in the polymer backbone (60), can greatly 
influence the elastic modulus. Lipomi et al. (16) demonstrated 
that in active layers of stretchable devices a higher elastic 
modulus correlates with an increased fragility, as determined by 
crack-onset measurements under the same stressing 
conditions. It has also been shown that the addition of 
insulating macromolecular additives (e.g., atactic polystyrene, 
poly(methyl methacrylate), high-density polyethylene) to the 
organic semiconductor blends, a concept introduced by 
numerous works of the Stingelin group (64–67), can enhance 
the mechanical robustness of resulting structures and add a 
protective encapsulation effect. The utilization of a 
macromolecular plasticizer in the active layer has also been 
reported by Graham et al. (68), and later extended by 
Savagatrup et al. (56), where low molecular weight 
polydimethylsiloxane (PDMS) was used to modify the active 
layer film morphology, lowering its elastic modulus and 
increasing the device PCE. 
While there have been numerous studies on the use of 
antioxidants for improving the photooxidative stability and, 
independently, of plasticizers to enhance the morphological 
and mechanical properties of OPV active layers and devices, the 
effect of combining these approaches has not yet been 
reported. Besides, the possible influence of photooxidative 

stabilizers on the mechanical properties of OPV active layers 
has, again to our knowledge, not been assessed. In this study, 
we investigate the synergistic effect of antioxidants and 
plasticizers on the photooxidative stability and mechanical 
properties of OPV active layers. We report on the 
photooxidative stabilization of organic solar cells using the 
naturally occurring antioxidant astaxanthin, already shown to 
be an excellent quencher of both singlet oxygen (O2(a1Δg)) and 
singlet oxygen photosensitizing precursors (44), and compare 
its stabilizing effect to that of astaxanthin covalently bonded to 
PDMS, a new molecule synthesized for this study. The intrinsic 
photooxidative stability, and improvement thereof, is assessed 
using ISOS-L-2 (1 Sun irradiation at 65°C in ambient air) (69) OPV 
device lifetime studies as well as singlet oxygen 
phosphorescence measurements, and the synergistic 
improvement of the mechanical properties is discussed in terms 
of the elastic modulus and cohesive fracture energies.  

Results and discussion 
Device Performance 

OPV devices employing active layers based on the molecules 
shown in Figure 1 were developed and tested in this study. A 
commonly applied OPV blend was studied, consisting of the 
electron donor PTB7 matched to the electron acceptor 
[70]PCBM. It was previously shown that the main intermediate 
in the photooxidation of this system is singlet oxygen 
(44,47,48,70,71), thus efficient quenchers of singlet oxygen and 
the triplet states of its photosensitizing precursor molecules are 
required to stabilize it. Following up on our recent study on 
carotenoid antioxidants for photooxidative stabilization of OPV 
(44), we used astaxanthin (AX) as an antioxidant, PDMS as a 
plasticizer, and we synthesized a new covalent combination of 
the two additives, AXcPDMS, to investigate the effects of these 
additives on the OPV photooxidative stability and mechanical 
properties. The motivation for employing astaxanthin here, 
instead of β-carotene as previously reported (44,47), was the 
possibility to synthesize the new AXcPDMS compound as a 

Figure 1 Molecular structures of the components used in the studied OPV active layer 
films and devices.
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bifunctional antioxidant, which simultaneously provides 
photooxidative stability and enhances the mechanical 
properties of the OPV active layer. The hydroxyl groups at the 
ends of the AX molecule offer attachment points for the PDMS 
without affecting the conjugated double bonds and, 
presumably, the antioxidant properties of the additive. 
The devices in this study were fabricated in the inverted 
configuration shown in Figure 2A, employing PTB7:[70]PCBM as 
active layers in between solution processed ZnOx electron 
transport layers and thermally evaporated MoOx hole transport 
layers. Representative J(V) curves are shown in Figure 2B with 
the photovoltaic parameters listed in Table 1. The 
concentration of additives was varied, keeping in mind that a 
higher concentration of additive will have a stronger positive 
effect on the device stability, but also possibly reduce the device 
performance. Thus, the additive concentration was increased 
only to the point at which devices retained at least 2/3 of the 
power conversion efficiency of pristine control devices. 
The addition of 3 % by mass (wt%) of AX into PTB7:[70]PCBM 
devices resulted in an efficiency drop from 6.6 % to 4.5 %, 
mainly driven by the decrease in Jsc and FF, similar to the effect 
observed by adding β-carotene into this system (47). The 
addition of PDMS decreased the Jsc further from 10.6 mA/cm2 
to 9.8 mA/cm2, but along with an increase in FF from 60.0 % to 
64.6 %, it kept the PCE at a comparable level. To test the 
stabilizing effects of the newly synthesized additive, a similar 
concentration optimization was performed with up to 3 wt% 
AXcPDMS in the blends. When 3 wt% AXcPDMS was added in 
PTB7:[70]PCBM devices, a decrease of ~20 % in both the FF and 

Jsc parameters were observed, thus showing PCE values outside 
the selection criteria. Upon adding 0.3 wt% and 0.03 wt% of our 
novel additive AXcPDMS, there were no significant changes in 
the photovoltaic parameters when compared with the control 
devices.   
 
Device lifetimes 

As highlighted in our previous work (44), one process that can 
adversely affect organic solar cells is the reaction of molecules 
in the device with singlet oxygen, O2(a1Δg). Many of the light-
absorbing molecules commonly incorporated into a solar cell 
can photosensitize the production of O2(a1Δg) by transfer of the 
photoexcitation energy to ground state oxygen, O2(X3Σg-). 
[70]PCBM is an efficient sensitizer of O2(a1Δg), and thus one 
route to stabilize this OPV system is to incorporate an efficient 
O2(a1Δg) quencher into the device. We have shown that, in 
solution, astaxanthin does not form ground state complexes 
with these donor and acceptor compounds. , More importantly, 
it mitigates the effects of O2(a1Δg) by quenching both its 
precursor (i.e., the [70]PCBM triplet state) and O2(a1Δg) itself 
(44).  
We tested the stability of unencapsulated devices upon 70 h of 
continuous illumination following the ISOS-L-2 accelerated 
degradation protocol, i.e., exposure to 1 Sun irradiation at 65°C 
in ambient air. Figure 3A and Figure 3B report the stabilizing 
effect of the different additives utilized in this study. The strong 
decay of the reference devices has previously been attributed 
to singlet oxygen driven photooxidation (47,48,70).  

Table 1 Photovoltaic parameters of the OPV devices. Open circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and power conversion efficiency (PCE) 
of PTB7:[70]PCBM devices with and without the tested additives. Average values, along with and without the tested additives. Average values, along with the standard 
deviations, are extracted from at least 5 devices. Weight percentages of additives are calculated with respect to the total dry weight of donor and acceptor molecules in 
the active layer blend. 

Device Voc [V] Jsc [mA/cm2] FF [%] PCE [%] 

PTB7:[70]PCBM 0.72±0.01 13.1±0.4 69.7±4.6 6.6±0.5 
PTB7:[70]PCBM + 3 wt% AX 0.70±0.04 10.6±0.7 60.0±5.0 4.5±0.6 

PTB7:[70]PCBM + 1.5 wt% PDMS  0.73±0.01 13.0±0.2 67.1±5.0 6.3±0.4 

PTB7:[70]PCBM + 3 wt% AX + 1.5 wt% PDMS 0.68±0.01 9.8±0.1 64.6±2.2 4.3±0.2 
PTB7:[70]PCBM + 3 wt% AXcPDMS 0.72±0.04 10.8±0.4 48.5±2.9 3.8±0.2 

Figure 2 Structure (A) and J(V) characteristics (B) of PTB7:[70]PCBM organic photovoltaic cells with and without the additives 
investigated in this study
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As shown in Figure 3, upon addition of 3 wt% of AX (orange line) 
into the PTB7:[70]PCBM active layer blend, the stability of the 
devices was slightly enhanced as compared to the reference 
devices (cyan line). While the addition of a plasticizer is known 
to promote a higher degree of mobility of the polymer chains, 
increasing the disorder within the blend and more readily 
allowing permeation by oxygen (72–74), we observed here that 
adding 1.5 wt% PDMS together with AX in the active layer (red 
line) slightly increased the device stability. Interestingly, the 
strongest stabilization effect was achieved when AXcPDMS was 
inserted in the PTB7:[70]PCBM blend, both in 0.3 wt% (dark 
green line) and 0.03 wt% (dark red line). The data in Figure 3 can 
be quantified using a bi-exponential decay function and the 
extracted figures of merit (47) are listed in Table 2. The 
additive´s stabilization effect was also evident from the 
comparison of accumulated power generation (APG; which is 

defined as the integrated product of the incident light power 

and the bi-exponentially fitted device efficiency over their 
lifetime (47)) which was 10 % enhanced for AX alone, 90 % 
enhanced for AX and PDMS together, and 140 % increased for 
AXcPDMS, as compared to the reference devices without 
additives (Table 2). As AXcPDMS contains the same functional 
groups as AX and PDMS alone (Figure 1), linking these two 
components may influence the way in which this additive is 
distributed across the active layer. The prerequisite for effective 
photooxidative stabilization is the physical proximity of the 
added quencher to the singlet oxygen precursor or singlet 
oxygen itself (75). In PTB7:[70]PCBM systems, it has been shown 
that it is the [70]PCBM molecules that are the dominant singlet 
oxygen sensitizers in the blend (44,47). Thus, we can infer that 
AXcPDMS presumably localizes in a more favourable position to 
quench the [70]PCBM triplet excited states before singlet 
oxygen can be produced.   

 

Table 2 Common device lifetime performance parameters for PTB7:[70]PCBM devices compared with the devices containing different additives. Shown are the extracted 
initial power conversion efficiency (PCE0), the accumulated power generated over the lifetime of the device (APGlifetime), the burn-in time (tburn‑in), the efficiency at the 
end of the burn-in period (PCEburn-in), time at which PCE is reduced to 80 % compared to the burn-in (tT80), and the period between burn-in and T80 (i.e., the lifetime of 
the device, tlifetime). Fitted parameters and standard errors are shown in Supplementary 1. 

PTB7:[70]PCBM + 0.3 wt% AXcPDMS 0.73±0.01 12.1±0.2 69.8±2.3 6.1±0.3 
PTB7:[70]PCBM + 0.03 wt% AXcPDMS 0.70±0.03 12.5±0.5 69.1±3.5 6.1±0.5 

 PTB7:[70]PCBM 
PTB7:[70]PCBM +  

3 wt% AX 

PTB7:[70]PCBM +  
3 wt% AX + 1.5 wt% 

PDMS 
PTB7:[70]PCBM +  
0.3 wt% AXcPDMS 

PTB7:[70]PCBM +  
0.03 wt% AXcPDMS 

PCE0 [%] 6.6 4.5 4.3 6.1 6.1 
APGlifetime [Wh/m2] 49.7 54.8 96.8 84.9 120.3 

tburn-in [h] 2.7 4.0 4.4 3.8 3.9 

PCEburn-in [%] 1.1 0.9 0.9 1.8 1.7 

tT80 [h] 3.8 6.0 11.3 6.2 8.4 

tlifetime [h] 1.1 2.0 6.9 2.5 4.5 

Figure 3 Lifetime measurements conducted according to ISOS-L-2 protocol standards, of PTB7:[70]PCBM devices with and without additives (a). Zoom of the 
first 10 h of degradation (b).
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Singlet oxygen phosphorescence 

The presence and decay kinetics of singlet oxygen in 
PTB7:[70]PCBM active layer films, with and without the 
additives, was directly probed using time-resolved singlet 
oxygen phosphorescence measurements, as shown in Figure 4 
and Supplementary 2. Because the amount of singlet oxygen 
formed is dependent on the [70]PCBM concentration (47), the 
[70]PCBM to PTB7 ratio in the tested films was kept at 3:1 to 
allow for singlet oxygen detection with an acceptable signal-to-
noise ratio. As is evident in Figure 4, PTB7:[70]PCBM films 
without additives yield a clear singlet oxygen signal. In the 
presence of 3 wt% AX, the singlet oxygen signal is appreciably 
quenched. From our previous study, we infer that AX efficiently 
quenches both the singlet oxygen precursor (the [70]PCBM 
triplet state) and singlet oxygen itself, reducing both the 
amplitude and lifetime of the signal (44,47). 
The same observations apply for films with 3 wt% AX + 1.5 wt% 
PDMS. When only PDMS is added to the system, an appreciable 
singlet oxygen signal (data not shown here), comparable to that 
of the reference sample without additives, was measured 
demonstrating that, as expected, PDMS itself does not 
appreciably quench singlet oxygen (76). Upon addition of 
0.03 wt% and 0.3 wt% of the covalently bonded AXcPDMS, the 
singlet oxygen signal is also suppressed as compared to the 
control sample. However, as is evident from the semi-
logarithmic graph in Figure 4B, the main reduction occurs in the 
amplitude of the signal, whereas the lifetime remains virtually 
unchanged at these quencher concentrations. This indicates 
that the dominant quenching is of the singlet oxygen 
precursors, i.e., the PCBM triplet states, as opposed to that of 
the singlet oxygen itself.  
 
Steady-state and transient photoluminescence 

Photoluminescence (PL) and time-resolved photoluminescence 
(TRPL) were utilized to gather further information about the 
exciton decay processes taking place inside the active layer 
blends. We note that both donor and acceptor excited states 

are populated at the excitation wavelength of ~ 395 nm used in 
this study, although the absorbance of [70]PCBM is larger at this 
wavelength. Figure 5a shows the steady-state 
photoluminescence spectra of the active layers containing 
different additives, with a photoluminescence peak at around 
740 nm. The PL emission is consistent with that of [70]PCBM 
excitons, as seen when comparing to the PL spectrum of a pure 
[70]PCBM film (see Supplementary 3 and 4). This spectrum is 
also consistent with fast energy transfer from PTB7 to [70]PCBM 
typically reported for this system (77). The PL peak at 740 nm is 
at slightly lower photon energies compared to a study by the 
Dyakonov group (78), but still easily distinguished from that of 
PTB7. The lifetime of the emission, shown in Figure 5b, is 
relatively short, consistent with an assignment to [70]PCBM 
singlet excitons (79). We note that while triplet-charge 
annihilation (80) could, in principle, reduce the lifetime of triplet 
excitons significantly in such blend systems, the lifetimes 
observed here are sufficiently short, and triplet state emission 
is generally sufficiently weak, that the observed signal does 
likely not include contributions from triplet exciton 
phosphorescence. The TRPL spectra can be fitted to bi-
exponentially decaying functions showing a weighted average 
lifetime of 125 ps for the reference sample. Adding 3 % AX 
reduces the lifetime of the signal to 31 ps. This latter value is 
approaching the time resolution limit of the detection system 
but is still significantly shorter than the value recorded for the 
reference sample. As such, we infer that AX, when added in 
amounts of 3 %, significantly quenches the initially populated 
singlet excitons of [70]PCBM, or perturbs the morphology of the 
blend so that singlet excitons are faster separated into free 
charges at the donor and acceptor interface, thus lowering the 
singlet exciton lifetime. We note that the latter could take place 
due to smaller domain sizes of [70]PCBM upon addition of the 
AX additive, which is also supported by the interaction 

Figure 4 Time-resolved singlet oxygen phosphorescence signals recorded from PTB7:[70]PCBM films. A) Data recorded on films with different additives. B) The same dataset 
plotted in a semi-logarithmic scale.  In both panels, the red trace covers the orange trace. 
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parameters of the blend constituents, with [70]PCBM 
preferably mixing with both PTB7 and AX (see Supplementary 
5). These effects may lead to a reduction of the amounts of 
triplet excitons and singlet oxygen formed downstream (Figure 
4), which is reflected in the longer lifetime of the device (Table 
2). We note that the power conversion efficiency for fresh 
devices is lower upon addition of AX, due to the lower FF and 
Jsc, which could arise due to the above effects. The overall 
result is only a modest increase in the overall accumulated 
power generation over the lifetime of the device (Table 2).  
 
In contrast, the addition of 0.03 % AXcPDMS does, within 
experimental uncertainty, not change the lifetime of the TRPL 
signal and the [70]PCBM singlet excitons, leaving the 
photovoltaic performance virtually unaffected. Considering that 
AXcPDMS is, unlike AX, a large polymeric additive consisting 
largely of PDMS (which has a very poor interaction with both of 
the active layer molecules), the unperturbed TRPL signal might 
be understood in terms of active layer morphology unperturbed 
by AXcPDMS. However, 0.03 % AXcPDMS is sufficient to partially 
quench the longer-lived triplet excitons, resulting in reduced 
singlet oxygen production and a significantly prolonged device 
lifetime, due to a shortened burn-in period. As reported 
previously, the main cause of burn-in in PTB7:[70]PCBM system 
is singlet oxygen (47). We note, that increasing the 
concentration of AXcPDMS to 0.3 % does indeed reduce the 
production of singlet oxygen even further (Figure 4), but also 
adversely affect the photovoltaic performance over time. As 

such, 0.03 % is closer to the optimal additive concentration for 
this system.  
 
Elastic modulus and cohesive fracture energy  

The elastic modulus (Ef) of the active layers containing different 
additives was determined from films spin coated on glass from 
chlorobenzene (CB) solutions (Figure 6A). The elastic modulus 
of the reference PTB7:[70]PCBM of 2.19 ± 0.37 GPa agrees with 
the previously reported values by Kim J. et al. (81) of 2.01 ± 0.14 
GPa for 1:2 polymer to fullerene ratio. For PTB7:[70]PCBM + 
3 wt% AX the elastic modulus was lowered to 1.27 ± 0.29 GPa, 
indicative of a highly improved film flexibility, giving such 
devices an advantage in reliability for flexible applications (82). 
The reason for this might be in the preferred interaction of AX 
with [70]PCBM, which as a consequence disturbs the formation 
of pure crystalline phases of PTB7, leading to less stiff films. 
Surprisingly, upon addition of 1.5 wt% of elastomeric additive 
PDMS, the tensile modulus of the films remained comparable to 
the reference, 1.98 ± 0.44 GPa. The similar modulus might be 
explained by the low miscibility of PDMS with PTB7 and 
[70]PCBM, as indicated by the corresponding interaction 
parameters (see Supplementary 5) preventing PDMS from 
blending uniformly within the active layer. This would be 
required to pass on its inherent compliance to the resulting 
active layer films. A similar Ef, 2.36 ± 0.22 GPa, was observed 
when 1.5 wt% of PDMS was blended together with 3 wt% AX 
into the active layers, where the positive effect of AX 
intercalating into [70]PCBM is somewhat obstructed by the 
interaction with PDMS.  

Table 3 Cohesive fracture energies, Gc, of the different PTB7:[70]PCBM bulk heterojunctions with all the additives combinations. 

Sample Elastic Modulus [GPa] Cohesive Fracture Energy [J/m2] 
PTB7:[70]PCBM 2.19±0.37 1.32±0.40 
PTB7:[70]PCBM + 3 wt% AX 1.27±0.29 2.03±0.57 
PTB7:[70]PCBM + 1.5 wt% PDMS 1.98±0.44 1.38±0.52 
PTB7:[70]PCBM + 3 wt% AX + 1.5 wt% PDMS  2.36±0.22 1.42±0.35 
PTB7:[70]PCBM + 0.3 wt% AXcPDMS 1.36±0.50 0.30±0.14 

Figure 5 a) Steady-state photoluminescence (PL) spectrum of PTB7:[70]PCBM films with selected additive combinations. b) Time-resolved photoluminescence traces of the same 
samples recorded at the peak wavelength of 740 nm.
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However, when the covalently bonded combination of AX and 
PDMS (both 0.3 wt% and 0.03 wt% of AXcPDMS) is added to the 
active layer, the elastic modulus was significantly reduced to 
1.36 ± 0.50 GPa, pointing to enhanced miscibility of the PDMS 
with the active layer due to the presence of AX grafted to its 
chains, which has much stronger interactions with both 
[70]PCBM and PTB7.  
While the material stiffness is defined by the elastic modulus, 
the resistance to fracture is represented by the cohesive 
fracture energy (Gc). Gc is an important metric for 
thermomechanical reliability and is indicative of the propensity 
of a material to handle processing (e.g., roll-to-roll printing) and 
deployment in the field (83). Figure 6B summarizes the Gc values 
for active layers with each of the utilized additives, where a 
higher Gc value points to a system with a higher mechanical 
integrity (i.e., which requires a higher energy to fracture it) (84). 
In all the measurements performed with AX and PDMS, the 
fracture was proven to be cohesive using X-ray photoelectron 
spectroscopy (XPS) analysis, as reported in Supplementary 6. 
From Table 3 it is evident that the different additives introduced 
in the blends affect the cohesive fracture energy of the film 
differently, with the highest value of 2.03 ± 0.57 J/m2 recorded 
for the PTB7:[70]PCBM + 3 wt% AX. The resultant fracture for 
the PTB7:[70]PCBM + 3 wt% AX films was roughly in the middle 
of the film showing a pure cohesive rupture. The Gc of films 
incorporating 3 wt% AX combined with PDMS (1.42 ± 0.35 J/m2) 
were slightly lower than of those containing only AX. However, 
this decrease was not substantial, and the measured fracture 
energies were comparable to the control PTB7:[70]PCBM, as 
well as PTB7:[70]PCBM + 1.5 wt% PDMS (1.38 ± 0.52) J/m2. The 

similar fracture energies of the films incorporating PDMS (both 
with and without AX) indicated that the addition of PDMS and 
AX does not negatively affect the intrinsic adhesion. 
Furthermore, when AX alone was mixed in the donor/acceptor 
blend, the film resilience increased, possibly due to hydrogen 
bonding between the AX and the PTB7. Cheng et al. (85) 
reported on the improved efficiencies and stability of different 
polymer: fullerene blends after the H-bonding additive 4,4′-
Biphenol (BPO) was introduced in the systems. The observed H-
bonding created a lock mechanism in the blend freezing the 
donor aggregate state and reducing the strong [70]PCBM 
aggregation that toughens the film. When PDMS is added, it 
disrupts the bonding between the additive and the donor 
driving the film back towards the control values. When 
considering the AXcPDMS additive, the cohesive energy value 
drops by 84 % and 78 % as compared to the reference sample, 
with 3 wt% and 0.3 wt% of AXcPDMS in PTB7:[70]PCBM, 
respectively. However, the mechanical response of the films 
with the lowest additive concentration of 0.03 wt% AXcPDMS, 
having a Gc of 1.15 ± 0.36 J/m2, is comparable to that of the 
control samples (Table 3). The fracture of the films 
incorporating AXcPDMS is still cohesive but occurs for higher 
concentrations closer to the film/glass interface, indicating a 
higher concentration of the additive at that interface. The 
overall XPS analysis does therefore suggest that it is the PDMS 
that drives the fracture propagation in the organic film. This 
observation is further supported by the fracture occurring 
roughly in the middle of the films for the relatively low 
concentration of 0.03 wt% AXcPDMS. 

PTB7:[70]PCBM + 0.03 wt% AXcPDMS 1.39±0.28 1.15±0.36 

Figure 6 Comparison of a) elastic modulus, Ef, and b) cohesive fracture energies, Gc, of the different PTB7:[70]PCBM bulk heterojunctions with all the additive 
combinations. Standard deviation is represented with the error bars. In case of the elastic modulus it is derived for each of the active layers from nine 
measurements taken at three different film thicknesses. For the Cohesive fracture energy, it is calculated on a minimum of three samples.
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Experimental 
Materials1  

The study was carried out on PTB7:[70]PCBM organic solar cells, 
where the polymer Poly[[4,8-bis[(2-ethylhexyl) oxy] benzo[1,2-
b:4,5-b’] dithiophene-2,6-diyl] [3-fluoro-2-[(2-ethylhexyl) 
carbonyl] thieno[3,4-b] thiophenediyl]], PTB7 was purchased 
from 1-material, and the fullerene [70]PCBM was purchased 
from Solenne. For the additives, succinic anhydride terminated 
polydimethylsiloxane PDMS100 (DMS-Z21 75-100 cSt, 
Mw = 800 g mol-1) was purchased from Gelest and Astaxanthin 
was delivered by CarboSynth. 4-Dimethylaminopyridine 
(DMAP, ≥ 98 %), silicone oil (PDMS 10000 cSt), and 
dichloromethane (DCM, ≥ 99.8 %) were purchased from Sigma-
Aldrich. Dichloromethane was dried over activated molecular 
sieves. The processing additive 1,8-diiodooctane, was 
purchased from Alfa Aesar. 
 
Synthesis of AXcPDMS 

Firstly, AX (0.1 g, 0.17 × 10-3 mol) and PDMS100 (0.12 g, 
0.17 × 10-3 mol) were dissolved in 4 mL DCM in a round bottom 
flask under nitrogen flow at a temperature of 37 °C. 
Subsequently, the DMAP catalyst (1 × 10-2 g, 0.85 × 10-4 mol) 
was added to the reaction mixture. The reaction was stirred 
overnight, and the product was purified by elution through a 
silica column using 5 % by volume MeOH/DCM as a mobile 
phase, in order to remove the catalyst. 
 
Characterization of AXcPDMS 

Proton nuclear magnetic resonance (1H NMR) spectra were 
recorded on a Bruker Advance 300 MHz spectrometer with 
chloroform-d (CDCl3, 99.8 atom% D) as a solvent. Gel 
permeation chromatography (GPC) was run with a Viscotec 
Model 302 instrument, provided with two PLgel mixed-D 
columns (Polymer Laboratories) assembled in series, and using 
a UV-vis detector (Knauer) with tetrahydrofuran (1 mL min-1) as 
the mobile phase. A Polar Star Omega (BMG Labtech) 
spectrophotometer was used to measure the absorbance 
spectra (λ = 220-1000 nm).  
The additive AXcPDMS was synthesized via a DMAP-catalyzed 
esterification reaction (Figure 7) between succinic anhydride 

terminated polydimethylsiloxane (PDMS100) and astaxanthin 
(AX). A molar ratio PDMS100:AX:DMAP of 1:1:0.5 was used for 
the reaction. The product was characterized by 1H NMR 
spectroscopy (Supplementary 8) and UV-vis-detected GPC 
(Supplementary 9). In the 1H NMR spectrum, the appearance of 
the signal at resonance δ = 5.4 ppm assigned to the C-H adjacent 
to the ester linkage between the AX and the PDMS units 
confirmed successful esterification. GPC traces were analysed 
by means of a UV-vis detector set at a wavelength λ = 480 nm, 
corresponding to the characteristic wavelength of maximum 
absorption of astaxanthin. As expected, the synthesized 
additive AXcPDMS showed a strong absorbance at a shifted 
retention volume compared to free astaxanthin 
(Supplementary 9A). The UV-vis absorbance spectrum of 
AXcPDMS was also recorded and compared to the free 
astaxanthin and the observed values of λmax were nearly 
identical (Supplementary 9B). Based on these results, it can be 
concluded that the synthetic coupling of PDMS and astaxanthin 
to obtain the additive AXcPDMS did not affect the structure of 
conjugated double bonds in the starting reagent astaxanthin, 
which is fundamental to retain the inherent radical scavenging 
properties and singlet oxygen quenching capability of the 
compound. 
 
Thin film and device fabrication  

All the samples were produced in a nitrogen filled glovebox with 
O2 < 1 ppm and H20 < 0.1 ppm. For the OPV fabrication, 150 nm 
thick ITO substrates purchased from Kintec, were cleaned in 
acetone and isopropyl alcohol (IPA) for 15 min and then treated 
for 20 min with UV-ozone. A 30 nm layer of ZnO (GenesInk, H-
SZ01034) was spin-coated on top of the ITO at 2000 rad/s for 
60 s and annealed at 130 °C for 15 min. For the active layers, the 
reference utilized a weight ratio of 2:3 PTB7:[70]PCBM solution 
(10 mg of polymer per 1 ml of chlorobenzene with 3 % volume 
concentration of 1,8-diiodooctane). All the solutions were 
stirred on hot plate at 85 °C for 2 h prior to spin coating. The 
active layers were spin-coated uniformly at 1000 rad/s for 120 
s to achieve the desired thicknesses. The top layers, MoO3 
(Sigma-Aldrich) and silver (AESpump ApS) were deposited by 
thermal evaporation at a rate of 0.02 nm/s and 0.05 nm/s to 
obtain films of 10 nm and 100 nm, respectively. 

Figure 7 Reaction scheme. Synthesis of AXcPDMS
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The intrinsic mechanical properties of the different active layers 
were defined with the elastic modulus and the cohesive energy 
measurements of the conjugated polymer films. For both, 
squared glass slides of 2.5 cm2 were cleaned in Alconox solution 
(1 mg/ml), deionized water, acetone, and isopropyl alcohol 
(IPA) for 10 min each, followed by blow drying. The samples 
were then plasma treated at 50 W for 3 min to remove organic 
residuals and activate the surface right before spin-coating the 
different active layer films.  
 
Device characterization  

The J(V) curves were measured by applying a voltage sweep 
from +1.25 V to −0.25 V using a Keithley 2602a and a class AAA 
solar simulator (Sun 3000, Abet Technologies Inc., USA) under a 
lamp calibrated to an intensity of 100 mW/cm2. The lifetime 
data were collected in accelerated conditions according to the 
ISOS-L-2 protocol standards (69), under continuous illumination 
(AM 1.5G, 100 mW/cm2) in ambient air, using an InfinityPV 
ISOSun solar simulator consisting of an Osram metal halide 
lamp delivering 1 kWm-2. The temperature during the aging 
process was monitored and kept at 65 °C.  
 
Tensile modulus measurement 

The elastic moduli of the different blends were measured using 
the Buckling on Elastomer technique, first described by Stafford 
et al. (86). Polydimethylsiloxane (PDMS) substrates were 
fabricated accordingly to the manufacturer’s suggestions in a 
ratio of 10:1 base:cross-linker and cured for 30 min at 80° C. The 
PDMS was cut in slabs of 1 cm × 8 cm × 0.3 cm and stretched up 
to 4 % using a controlled stage. The pre-stretched specimen was 
then clipped to a microscope glass slide and then the active 
layer was transferred to this pre-strained substrate. The spin-
coated film on glass was gently pressed onto the PDMS 
substrate and submerged in a beaker containing deionized 
water, which allowed water to diffuse to the glass/polymer 
interface achieving the complete transfer of the film to the 
PDMS. The time in water varied in relation to the active layer 
composition, ranging from 10 s to 1 min. After transfer, the 
substrate was gently blow-dried with N2 and subsequently dried 
in a desiccator under active vacuum for 20 min. At this point, 
the strain on the PDMS was released, forming buckles that were 
finally analysed via an optical microscope. The buckles 
measurement was performed for different film thicknesses 
(Supplementary 7) to have a better modulus estimation. 
 
Cohesive fracture energy measurement 

The cohesive fracture energy (Gc) of the bulk heterojunction 
layers was measured by the Double Cantilever Beam (DCB) 
method, reported elsewhere (84,87–90). Beams were prepared 
by spin coating the semiconducting layers onto 2.5 mm × 3.75 
mm glass slides. On top of these films, a 200 nm Al layer was 
deposited via e-beam evaporation (1 Å/s). This stack was then 
adhered to another glass beam using epoxy glue (Loctite EA 
E20-NS), which was cured for 24 h in air at ambient temperature 
~ 25 °C and 20 % R.H. The fracture testing of the DCB was 
performed under displacement control in a thin-film cohesion 

testing system (DTS Company, Menlo Park,CA), which measured 
load (P) versus displacement (Δ). Tension was applied to the 
specimen at an initial rate of 1 μm/s (which was increased 
proportionally to the crack length in order to keep the 
displacement at the crack tip constant) that allowed a pre-
initiated crack to propagate. The Gc is then calculated from the 
following equation:  

𝐺𝐺𝑐𝑐 =
12𝑃𝑃𝑐𝑐2𝑎𝑎2

𝑏𝑏2𝐸𝐸′ℎ3
�1 + 0.64

ℎ
𝑎𝑎
�
2

 

Where Pc is the critical load at which crack growth occurs, E′ is 
the plane strain elastic modulus, and b and h are the width and 
half-thickness of the substrates. The crack length, a, can be 
estimated from the compliance using the following equation: 

𝑎𝑎 = �
𝑑𝑑∆
𝑑𝑑𝑃𝑃

×
𝑏𝑏𝐸𝐸′ℎ3

8 �
1/3

− 0.64ℎ 

The two delaminated sides of the samples were then analysed 
via X-ray photoelectron spectroscopy (XPS) (Kratos 165 Ultra 
Photoelectron Spectrometer, scanned 0−1000 eV using 
monochromatic Al Kα x-ray radiation at 1487 eV) to confirm the 
cohesive fracture.  
 
Transient PL  

The transient photoluminescence signal was recorded using a 
streak scope coupled to a laser scanning microscope providing 
time-encoded spectral photoluminescence data. The 395 nm 
excitation pulses were generated using a sub-100 fs, 75 MHz 
Ti: Sapphire laser (Spectra Physics, Tsunami) coupled to a 
frequency converter (APE, HarmoniXX). The repetition rate was 
reduced by a factor of 20 using a pulse picker (APE, Pulse Select). 
More information can be found in reference (91). 
 
Singlet oxygen phosphorescence 

The equipment and procedures used to record singlet oxygen 
emission have been described before (44,47). Briefly, the 
samples were excited at 420 nm using the frequency-doubled 
output of an amplified Ti: Sapphire laser system (Spectra 
Physics, Tsunami and Spitfire) operating at 1 kHz repetition rate. 
The 1275 nm emission from singlet oxygen was isolated with 
optical filters and recorded using a near-IR sensitive 
photomultiplier tube (Hamamatsu, R5509-42). 

Conclusions 
In this work, we investigate the effect of including additives into 
the active layers of OPV films to concurrently improve both the 
mechanical properties and photooxidative stability of the 
device. We demonstrate that while the introduction of the 
carotenoid astaxanthin, AX, quenches singlet oxygen and its 
precursor in PTB7:PCBM solar cells, the effect from this 
molecule on device stability is still limited, showing an 
enhancement in the accumulated power generation (APG) of 
10 %. However, this enhancement is coupled with a drop in the 
initial device performance. Upon addition of the plasticizer 
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polydimethylsiloxane (PDMS), the photochemical stability of 
the devices improves, possibly due to an improved morphology 
in the active layer blends, as PDMS does not exhibit antioxidant 
properties. Notably, when adding a newly synthesized additive, 
AXcPDMS, consisting of AX covalently bonded to PDMS, the 
photochemical device stability improves further demonstrating 
an enhancement in APG by 140 %. For this additive, the initial 
performance remains  the same as of the reference cells. Finally, 
the impact of the additives on the mechanical properties 
demonstrates an improved elastic modulus and cohesive 
fracture energy, which is relevant for the mechanical stability of 
flexible organic solar cell devices. The new AXcPDMS additive 
provides a lower elastic modulus and keeps the cohesive energy 
constant leading to a more compliant film, while at the same 
time enabling a synergistic enhancement of photooxidative 
stability. As long-lived triplet excited states are also found in 
novel non-fullerene based systems (92,93), the reported 
additives hold a great potential for these systems. This study 
opens up for new strategies of designing additives for future 
highly efficient and stabile roll-to-roll scale development of 
flexible organic solar cell devices.  
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